Neogene back-arc mafic volcanism in the northern Puna Plateau produced a suite of mainly highMg, calc-alkaline, basaltic andesites to andesites that form small scoria cones and lava fields. We present the first comprehensive geochemical study of the mafic suite in the northern Puna that complements work on similar rocks from the southern Puna Plateau. The emphasis is on magma genesis and evolution in both areas, and on a combined interpretation of the two regional datasets in the geodynamic context of back-arc magmatism in the central Andes. The results from the northern Puna suite (bulk-rock and mineral compositions, thermobarometry and radiogenic isotope ratios) are consistent with a predominantly asthenospheric source for the mafic magmas, with variable but locally significant contamination by crustal material. Quantifying the crustal and mantle input fails in most cases because the data display contradictory features, such as high compatible element contents (Mg, Ni, Cr) paired with moderate contents of silica and incompatible lithophile elements that defy classical models of magma mixing, fractionation and assimilation. We suggest that magma evolution involved selective assimilation during turbulent flow, probably at more than one level in the crust. Comparison with the southern Puna mafic suite reveals many features in common (high magma temperatures, textural evidence of rapid magma ascent and cooling, assimilation of crust at different depths). However, the volume of erupted magma is greater in the south than in the north and the volcanism in the south is slightly younger. There is much compositional overlap between the two regions, but the southern Puna suite extends to more primitive compositions. These differences suggest a stronger crustal influence in the northern Puna andesites, which we suggest is due to the presence of an extended upper-crustal melt zone associated with the Altiplano-Puna ignimbrite province. Radiogenic Sr and Nd isotope data from both suites define two diverging trends of variation with MgO that can be explained with a crustal component common to both trends, similar to the silicic ignimbrites, and two contrasting mantle components. The more common and regionally more widespread of the two mantle components (also seen in the frontal arc magmas) has 87 Nd values of 0Á705 and 0Á5126, respectively, which we attribute to an asthenospheric source enriched by subduction erosion. The less common of the two has Sr and Nd initial ratios (0Á708 and 0Á51235) that we attribute to melting or assimilation of enriched lithosphere. This component has been found only in the northern Puna and it may have an origin in delaminated lithosphere.
INTRODUCTION
We report a comprehensive petrological and geochemical study of Neogene mafic volcanic centers in the northern Puna Plateau of the Central Andes. This region is dominated by well-studied intermediate and silicic volcanic rocks associated with caldera complexes of the Altiplano-Puna Volcanic Complex (de Silva, 1989; Ort et al., 1996; Caffe et al., 2002; de Silva et al., 2006; Kay & Coira, 2009; Kay et al., 2010) . The much smaller mafic complexes in this part of the Central Andes have been poorly studied until recently (Maro & Caffe, 2012 , 2017 Maro, 2015) , but they are crucial for understanding the hybrid intermediate-silicic magmas of the Altiplano-Puna Volcanic Complex, where a contribution of at least 50% of a mantle component has been proposed (Hildreth & Moorbath, 1988; Caffe et al., 2002; Kay & Coira, 2009; Kay et al., 2010; Guzmá n et al., 2011) . The abundance of mafic back-arc centers is greater in the southern Puna, where they have been studied in some detail (e.g. Dé ruelle, 1991; Kay et al., 1994; Guzmá n et al., 2006; Risse et al., 2008 Risse et al., , 2013 Drew et al., 2009; Murray et al., 2015) . The southern Puna mafic magmatism has been interpreted as the result of partial melting in the mantle as a consequence of lithospheric delamination (e.g. Kay et al., 1994; Risse et al., 2013; Murray et al., 2015) , a model supported by seismic tomography images of the mantle wedge (Schurr et al., 2006; Bianchi et al., 2013; Calixto et al., 2013; Liang et al., 2013) and by thermomechanical modelling (Sobolev & Babekyo, 2005) . However, there is disagreement about the nature of the mantle source in this scenario. Kay et al. (1994) and Risse et al. (2013) argued for melting of upwelling asthenosphere with variable contributions from subduction components, whereas others suggested significant partial melting of the subcontinental lithosphere (Rogers & Hawkesworth, 1989; Drew et al., 2009) or of eclogitic or pyroxenitic blocks removed from the lithosphere by delamination (Ducea et al., 2013; Murray et al., 2015) .
There are systematic differences in crustal and mantle properties and in the timing of volcanic and tectonic evolution from north to south in the Altiplano-Puna Plateau (e.g. Allmendinger et al., 1997; Kay & Coira, 2009 ). These differences motivate a comparison of our results from the northern Puna region with data from the back-arc mafic suite in the southern Puna, where the concept of lithospheric delamination was first developed. This study therefore sets out to evaluate the petrogenesis of mafic volcanism in the northern Puna from a broad study of the region, to compare the results with published data and ideas based on similar rocks in the southern Puna, and, in combination, to help constrain the mantle source region(s) involved in melt generation of the Altiplano-Puna back-arc. An important part of this work is to recognize and account for the modification of mantle-derived magmas by later processes of magma evolution in the crust.
GEOLOGICAL BACKGROUND
The northern is part of the Central Andean Altiplano-Puna Plateau (Fig. 1) , an area mainly characterized by relatively thin lithosphere, high surficial heat flow and widespread Neogene magmatism (e.g. Prezzi et al., 2009) . The Central Andean AltiplanoPuna Plateau is the second highest continental plateau on Earth (after Tibet). It is 300 km wide and 2000 km long, has an average elevation of 3500 m above sea level (a.s.l.), and displays volcanic peaks that reach 6800 m a.s.l. [see overview by Allmendinger et al. (1997) ]. There are first-order variations in several features of the plateau from north to south: (1) the average elevation of the plateau increases; (2) the orogen narrows; (3) the subduction angle shallows; (4) the crustal thickness decreases (Isacks, 1988; Cahill & Isacks, 1992; Whitman et al., 1992; Allmendinger et al., 1997; Yuan et al., 2002; Heit et al., 2008; McGlashan et al., 2008; Prezzi et al., 2009) . There is also a progressive younging of the ages of plateau uplift and of horizontal shortening from north to south (Allmendinger et al., 1997; Riller & Oncken, 2003; Kay & Coira, 2009) . Furthermore, the geology of the pre-Andean basement varies, with relatively thick Paleozoic sedimentary sequences in the north, contrasting with igneous and high-grade metamorphic basement in the southern plateau region. These changes in the structure and composition of the crust and upper mantle beneath the Altiplano-Puna plateau can influence the location and nature of volcanism (e.g. Kay & Coira, 2009) , and this motivates our comparison of the back-arc mafic centers in the southern and northern Puna.
One of the most remarkable volcanic features of the Altiplano-Puna plateau is the occurrence of great caldera-sourced ignimbrite sheets. These are concentrated in the northern Puna and southern Altiplano (Fig.  1) , and they constitute one of the largest ignimbrite provinces in the world, the Altiplano-Puna Volcanic Complex (APVC), with erupted magma volumes of (11-15) Â 10 3 km 3 (de Silva, 1989; Kay et al., 2010; Salisbury et al., 2010) . The ignimbrites of the APVC erupted in Miocene-Pliocene times, with a climax in the Late Miocene-Early Pliocene. Caldera-sourced silicic ignimbrites in the southern Puna Plateau are much less abundant than in the north and are younger (Schnurr et al., 2007; Kay et al., 2010) .
The central Andes region has been well studied geophysically and these studies have documented a midcrustal zone with low seismic velocity and high electrical conductivity beneath the APVC, which has been suggested to represent an active zone of partial melting (Chmielowski et al., 1999; Haberland et al., 2003; Zandt et al., 2003; Schilling et al., 2006; Ward et al., 2014; Beck et al., 2015) . This is referred to as the Altiplano-Puna Magma Body or APMB (see Fig. 1 ). A similar geophysical anomaly is found in the southern Puna near the Cerro Galá n caldera complex, but it is smaller and located deeper, in the lower crust and upper mantle [Southern Puna Magmatic Body (SPMB) (e.g. Beck et al., 2015, and references therein) ]. Seismic tomography images of the mantle wedge beneath the central Andes show a complex velocity distribution, which has been attributed to lithosphere delamination and upwelling of asthenosphere (e.g. Schurr et al., 2006; Bianchi et al., 2013) .
Another first-order feature of the Central Andes that is relevant for this study is subduction erosion at the plate boundary (Stern, 1991; von Huene & Ranero, 2003; Kukowski & Oncken, 2006) . This process is thought to have been particularly intense during the Neogene when arid conditions reduced the sediment supply to the trench (Stern, 2011) . The extent to which subduction erosion has added continental crust to the mantle wedge is hard to quantify, but the process has been considered by several workers to be an important source of mantle enrichment below the volcanic arc (Stern, 1991; Goss et al., 2013; Risse et al., 2013; Kay et al., 2014) and possibly responsible for the 'adakite' geochemical signature in the Andean arc where slab melting is unlikely to have taken place (Goss & Kay, 2009 ).
The northern Puna mafic volcanism
The mafic volcanism of the northern Puna is grouped in 11 centers distributed over a region of around 9150 km 2 (Fig. 2) . These centers may be isolated (e.g. CauchariPorvenir mine, Pabelló n mine, Cerro Tropapete, Cerro Barro Negro), loosely clustered (e.g. Cerros Negros de Jama, El Toro-Campo Negro) or they may form small volcanic fields (e.g. Cerro Morado, Cerro Bitiche, Cerro Negro de Olaroz). Individual volcanoes are aligned in a NNE-SSW direction, parallel to the orientation of the principal Andean thrusts (Caffe et al., 2012a; Maro & Caffe, 2017) , and this is also true for the dominant direction of lava flows and the extent of some lava fields. The most common products of mafic volcanism are Mg-rich basaltic andesites to andesites with a high-K calc-alkaline signature (Fig. 3) . Less common are basaltic trachyandesites and trachyandesites that are at or near shoshonite compositon; these more alkaline rocks occur in the eastern part of the area (Maro & Caffe, 2013) . True basalts (i.e. SiO 2 < 52 wt %; see Fig. 3a ) have been found only as rare, small enclaves included in andesitic lavas of the Campo Negro center (Presta & Caffe, 2014) . The age distribution of the northern Puna mafic volcanism and the different eruptive styles have been the focus of studies by Cabrera & Caffe (2009 ), Presta & Caffe (2014 and Maro & Caffe (2017) . The mafic volcanoes developed mainly by Strombolian-style activity, involving short stages of lava fountaining and hydrovolcanism, the latter usually confined to an initial phase of scoria cone construction (Maro & Caffe, 2017) . Individually, monogenetic volcanoes are invariably related to lava flows, which do not extend more than 3 km from the vent. Typically, the mafic rocks show aphyric to microporphyritic textures (Table 1) , with most samples containing olivine and subordinate clinopyroxene crystals, although rocks with orthopyroxene or orthopyroxene and plagioclase, with or without hydrous minerals (amphibole, biotite), are also present. Stratigraphic analysis (Maro & Caffe, 2017 ) and the few available radiometric ages [Cerro Tropapete: 7Á2 6 0Á4 Ma, K-Ar (Schwab & Lippolt, 1974) ; Cerro Morado: 6Á7 6 0Á4 Ma, K-Ar ; Pululus andesitic lavas: 7Á3 6 0Á5 Ma K-Ar (Fracchia, 2009) ], indicate that volcanic activity in the northern Puna occurred during the Late Miocene to Early Pliocene, which is older than the 6-4 Ma peak of the southern Puna mafic volcanism (Risse et al., 2008) and coeval with the eruption of some of the most important silicic calderas in the APVC (Kay et al., 2010) .
ANALYTICAL METHODS
This study is based on 93 samples of fresh lava flows representing all of the known mafic centers.
Mineral compositions
Mineral compositions were determined using a JEOL JXA-8230 electron microprobe at the GFZ Potsdam, employing wavelength-dispersive spectrometers. The microprobe was operated at 15 kV accelerating voltage and a beam current of 15 nA, with a fully focused (c. 1 mm) beam for clinopyroxene and olivine. Plagioclase was analyzed using a defocused 5 mm beam and Na was measured first in the sequence to minimize Peccerillo & Taylor (1976) . Oxide contents are expressed in weight percentage. Eastern mafic centers are underlined in the legend.
alkali loss. The conversion of measured intensities to concentrations was based on natural and synthetic mineral standards after correction using the PAP method (Pouchou & Pichoir, 1987) . Representative results are given in Tables 2-4 , and the complete data is included in the Supplementary Data Electronic Appendix (supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org). The data obtained by the calculation of crystallization conditions based on mineral chemistry are shown in Table 5 .
Whole-rock major and trace elements
Major and trace element concentrations were obtained by X-ray fluorescence (XRF) at the Instituto de Geología y Minería, Universidad Nacional de Jujuy (Argentina), using a Rigaku FX2000 spectrometer with a Rh tube operated at 50 kV and 45 mA. Powdered and homogenized samples were fused with a lithium tetraborate flux for major element analyses. Trace elements Ba, Sr, Rb, Zr, Nb, Hf, Y, Th, and U were analyzed on pressed powder discs with a methyl methacrylate binder. The XRF intensities were converted to concentrations using reference standards from the US Geological Survey and the Japanese Geological Survey. The rare earth elements (REE) and Ta were determined from a selection of 73 samples by inductively coupled plasma mass spectrometry (ICP-MS) at the ALSChemical laboratories. Details of sample preparation and analytical methods are given at http://www.alsglobal.com/ en/Our-Services/Minerals/Geochemistry. The full geochemical dataset is given in Table 6 .
Nd-Sr isotopes
Isotopic analysis of Sr and Nd was made on 14 wholerock samples at the GFZ Potsdam. Samples were dissolved in concentrated HF for 4 days at 160 C on a hot plate, then dried, taken up in 2N HNO 3 , and slowly dried at 90 C overnight. The nitrates were taken up in 6N HCl and dried. Sr and Nd were separated and purified using ion-exchange chromatography as described in detail by Romer et al. (2005) and Romer & Hahne (2010) . 87 Nd ¼ 0Á7219, respectively, were measured on a Thermo-Triton mass spectrometer using dynamic multi-collection. Repeated analyses of the Sr and Nd reference materials NBS SRM987 (Sr) and La Jolla (Nd) in the period of this study yielded average values of 0Á710249 6 0Á000012 (2r, n ¼ 20) and 0Á511850 6 0Á000007 (2r, n ¼ 11), respectively. Initial ratios were calculated assuming an age of 7 Ma for all samples, based on available radiometric ages of 6Á7-7Á3 Ma (see above). The calculations used the Rb, Sr, Sm, Nd concentrations listed in Table 6 Table 7 , which also includes published data from northern Puna mafic andesites by Krallman (1994) and Kay et al. (2010) .
RESULTS

Petrography and mineral compositions
Most northern Puna mafic lavas are olivine-phyric (<10 vol. % olivine) with small amounts (<5 vol. %) of clinopyroxene microphenocrysts. A few samples The listing is for the most mafic rocks in each center. ol, olivine; cpx, clinopyroxene; opx, orthopyroxene; pl, plagioclase; amp, amphibole. G% indicates the groundmass volume percentage (point-counted). 9-1d-core 9-1f-rim 2-1-core 2-1-rim 2-1-core 2-1-rim 11-1-core 11-1rim 6-1-core 6-1-rim and in Campo Negro. The crystal assemblages observed are summarized in Table 1 and examples of textures and aspects of the different phases are illustrated in Fig. 4 . Olivine occurs as euhedral to subhedral crystals (from <0Á1 to 0Á5 mm) that commonly show skeletal morphologies and spinel inclusions (Fig. 4a) . The forsterite content of olivine cores is Fo [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] , with an average of Fo 83 . Zoning is weak or absent (mainly <5 mol % Fo) and always normal. An exception is the shoshonite (R11-08), which has lower Fo core compositions ) and stronger normal zoning (up to 0Á9%).
Nickel contents in olivine vary between the centers, but are mainly in the range 1500-2000 ppm. There is a general positive correlation of Ni contents in olivine with the amount of the forsterite component, as well as with the Ni concentration in the host-rock. The CaO contents are typically low (<0Á2 wt %).
Clinopyroxene crystals are euhedral to subhedral and occur either alone or in small clusters. Augite is the most common composition (En [39] [40] [41] [42] [43] [44] Wo 44-51 Fs 10-13 ). Almost all crystals analyzed are Mg-and Cr-rich (Mg# 79-84, Cr contents up to 0Á8 wt %) and show slight normal zoning (1 mol % En). Orthopyroxene (Fig. 4b) is enstatitic, with a compositional range of En 66-76 Wo 2-3 Fs [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Like clinopyroxene, it shows weak normal zonation (<5% mol En), has a high Mg# (71-88) and is Cr-rich ($3000 ppm). The compositional range of orthopyroxene is similar in all samples in which it occurs, with or without coexisting plagioclase and amphibole.
Plagioclase occurs as a phenocryst phase only in some andesites of the Cerro Morado and Campo Negro mafic fields, where it generally forms euhedral crystals ( Fig. 4c and d ) characterized by high anorthite contents (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) ). Disequilibrium features, such as fine-sieve texture and/or strong oscillatory zoning, are locally present, but rare. 
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9 9 Á9 100Á3 9 9 Á8 100Á1 9 9 Á0 9 9 Á1 9 9 Á3 9 9 Á9 9 9 Á2  Mg#  52  55  60  62  61  62  60  60  64  60  Ba  621  691  767  864  706  772  823  870  700  748  Sr  384  447  430  895  684  732  597  589  663  599  Rb  156  121  109  86  109  66  110  112  57  110  Cs  12  14  2  7  3  5  2  Nb  15  13  13  29  21  25  20  20  23  19  Ta  1Á2 Zr  254  286  256  193  153  248  277  280  221  278  Y  2 9  2 1  2 2  2 5  2 7  2 7  2 6  2 6  2 8  2 6  Ni  18  55  94  191  105  61  65  73  66  72  Cr  117  159  246  410  312  256  225  227  237  226  La  42  43  65  51  61  61  51  Ce  81  89  113  96  118  112  100  Pr  10  10  13  11  13  14  11  Nd  36  38  47  43  50  52  43  Sm  6Á8 
9 8 Á9 9 9 Á8 9 8 Á1 9 9 Á8 9 9 Á9 9 9 Á7 9 9 Á5 9 9 Á2 9 9 Á1  Mg#  62  59  60  58  62  61  60  59  65  67  Ba  772  836  789  880  657  819  846  777  1021  681  Sr  665  683  676  690  585  593  679  656  921  629  Rb  86  85  87  89  80  106  68  95  53  102  Cs  2  3  5  4  Nb  21  25  24  25  23  20  23  24  24  17  Ta  1Á3 Zr  260  267  258  269  221  277  279  269  234  258  Y  2 5  2 5  2 6  2 5  2 9  2 4  2 6  2 4  2 4  2 3  Ni  62  58  67  63  61  75  67  65  115  133  Cr  220  221  221  247  220  234  205  190  371  363  La  51  67  66  55  Ce  99  121  118  103  Pr  11  15  15  13  Nd  43  55  51  44  Sm  7Á8 
9 9 Á1 9 8 Á0 9 9 Á5 9 9 Á9 9 9 Á2 9 9 Á5
(continued) CMorado  Latitude:  -22Á831  -22Á898  -22Á833  -22Á873  -22Á873  -22Á878  -22Á886  -22Á756  -22Á879  Longitude:  -66Á714  -66Á743  -66Á703  -66Á731  -66Á731  -66Á717  -66Á713  -66Á693  -66Á758   Mg#  66  64  69  65  66  64  62  62  64  Ba  635  855  507  689  556  925  809  724  680  Sr  559  860  433  501  356  694  590  616  493  Rb  73  67  67  115  60  141  148  106  91  Cs  5  4  5  4 100Á0  100Á0  100Á0  100Á0  100Á0  100Á0  100Á0  Mg#  63  68  62  63  62  63  63  59  63  Ba  884  534  879  930  939  872  783  935  795  Sr  480  462  495  481  579  491  556  678  657  Rb  112  67  108  122  99  110  131  129  126  Cs  11  7  12  20  18  7  29  99  Nb  19  16  20  19  17  20  19  22  21  Ta  1Á6 Zr  203  148  216  200  257  188  216  214  202  Y  2 5  3 5  2 6  2 6  2 5  2 7  2 3  2 4  2 4  Ni  89  126  47  121  64  108  100  127  131  Cr  384  570  365  387  359  391  341  399  406  La  45  34  50  46  46  57  60  57  Ce  85  75  94  87  94  109  113  107  Pr  10  9  11  11  10  13  13  13  Nd  37  42  41  39  40  48  49  47  Sm  7Á1 
(continued) 
Sample: J10-10 J10-11 J10-13D1 J10-15 J10-16 J10-17 J10-18 J10-21A J10-22 Center:
9 9 Á5 9 9 Á9 9 9 Á7 100Á7 9 8 Á9  Mg#  59  59  57  59  61  55  58  58  56  Ba  652  635  641  683  632  689  677  760  658  Sr  682  672  677  674  664  672  660  809  652  Rb  75  76  80  80  73  103  87  84  85  C s  3  5  6  2  7  5  3  Nb  16  16  16  17  17  17  17  19  16  Ta  1Á2 Zr  240  252  236  257  308  309  Y  1 9  2 0  1 8  2 0  2 0  2 0  1 9  Ni  75  74  74  72  87  73  78  91  60  Cr  184  207  197  193  231  196  193  202  180  La  49  50  49  46  54  53  52  Ce  95  98  95  90  103  101  99  Pr  11  12  11  11  13  12  12  Nd  43  44  42  41  46  46  44  Sm  8Á0 
SiO
9 9 Á2 100Á5 100Á0 9 9 Á7 9 9 Á7 9 9 Á8 100Á0  Mg#  58  57  60  55  61  65  64  63  65  Ba  834  547  453  408  426  469  511  490  566  Sr  805  592  565  584  546  629  678  636  686  Rb  92  67  63  60  59  60  63  70  93  Cs  13  10  20  21  12  6  2  2  8  Nb  19  14  13  13  12  19  22  21  17  Ta  1Á3 Zr  307  237  213  186  189  146  149  151  167  Y  2 2  2 2  2 0  2 0  2 1  2 2  2 3  2 3  2 3  Ni  88  130  144  139  137  142  156  142  154  Cr  223  365  417  415  423  454  404  382  409  La  59  39  36  34  34  40  44  44  47  Ce  113  74  67  63  65  73  86  84  95  P r  1 4  9  8  8  8  8  9  9  1 0  Nd  51  34  30  29  30  32  35  34  42  Sm  9Á5 
9 9 Á9 9 9 Á8 101Á0 9 9 Á6 101Á2 101Á3 9 9 Á5 9 8 Á9  Mg#  65  63  56  55  62  65  65  65  65  Ba  494  493  963  888  1310  468  456  434  707 (continued) Tropapete  Tropapete  Tropapete  Tropapete  Latitude:  -23Á309  -23Á308  -22Á884  -22Á884  -22Á888  -23Á619  -23Á618  -23Á627  Longitude:  -66Á934  -66Á934  -66Á052  -66Á052  -66Á252  -66Á967  -66Á968  -66Á990   Sr  596  570  914  851  1662  517  526  515  542  Rb  70  58  119  122  72  54  58  74  71  C s  7  3  4  3  3  Nb  17  16  19  21  38  16 Mg#  65  65  65  66  66  52  63  62  61  Ba  457  535  446  479  494  781  662  704  563  Sr  527  530  501  504  528  758  660  816  452  Rb  67  50  68  67  64  126  87  105  110  Cs  3  3  3  2  Nb  14  16  15  14  13  19  15  18 
LOI, loss on ignition. Major oxides are in wt % and trace elements are in ppm. General precision for analysis is better than 1-2% for major elements and around 5-10% for trace elements and REE. FeO was calculated using Fe 2þ /Fe 3þ in the melt obtained from spinel compositions included in olivine following Maurel & Maurel (1982) Where present, amphibole forms subhedral to euhedral crystals (Fig. 4d) , which commonly show a thin reaction rim composed of fine grains of opaque minerals. According to the nomenclature of Leake et al. (1997) , the amphibole belongs to the calcic group (Ca B ! 1Á5 and Ti < 0Á5) and classifies as magnesiohastingsite Spinel is common as inclusions in other minerals, especially olivine, but also orthopyroxene, clinopyroxene and amphibole. In olivine-hosted spinel the Cr# [100Cr/(Cr þ Al) ¼ 48-86] is high and the Mg# (21-58) is moderate. In addition, there is compositional variation depending on the position in the host grain, the spinel inclusions near the olivine core commonly having higher Cr and less Fe than those near the rim. Sulphide inclusions in olivine have also been observed in the most Mg-rich rocks. They generally take the form of blebs near the core of the host crystals. Semiquantitative analyses showed that they are Fe-Ni sulphides, possibly pentlandite or Ni-bearing pyrrhotite.
Quartz xenocrysts are ubiquitous in the samples from the northern Puna, and were reported from studies of similar rocks in the monogenetic centers and composite volcanoes of the Puna Plateau (Coira & Kay, 1993; Kay et al., 1994; Risse et al., 2013) . Quartz grains commonly show embayments, moderate to strong fracturing, and variably well-developed acicular clinopyroxene reaction coronas, some containing interstitial glass and/or carbonate. Some samples contain distinctive clinopyroxene and orthopyroxene clusters composed of acicular pyroxene microlites and, locally, dark brown interstitial glass. The composition of pyroxene in the coronas and in the microlite clusters is similar to that of pyroxene phenocrysts in the host-rocks. We suggest that these clusters formed on quartz xenocrysts that have been completely replaced (see also .
Some of the most evolved rocks ($62 wt % SiO 2 ) among the high-MgO andesite suite of the northern Puna are porphyritic andesites from Cerro Bitiche with a phenocryst assemblage of plagioclase þ orthopyroxene þ biotite. They show disequilibrium textures reflecting magma mixing. A detailed description of this group of rocks was given by . Representatives samples of these are included in the present study as a reference point for the discussion of magma evolution and crustal assimilation (e.g. sample Bi10-01, Table 7 ).
Crystallization conditions
Estimation of crystallization conditions was made through mineral-melt equilibrium geothermobarometry (e.g. Putirka, 2008) based on the mineral compositions described above and using the bulk-rock composition as a proxy for the melt. To minimize potential effects of magma fractionation and assimilation after phenocryst formation, we considered only the most mafic rock samples (Mg# > 60) and used only mineral core compositions. Pairs of olivine (core) and hostrock compositions were checked for conformity with equilibrium Mg-Fe exchange [K D Fe-Mg ¼ 0Á3 6 0Á03 after Roeder & Emslie (1970) ] as shown in Fig. 5a . For clinopyroxene-host-rock pairs we applied the equilibrium test recommended by Putirka (2008) , which compares predicted and observed components: enstatite (En), ferrosilite (Fs), diopside (Di) and hedenbergite (Hd) (Fig. 5b) . Olivine-host-rock pairs from several samples have compositions within the equilibrium K D envelope, but only a few samples meet the equilibrium criterion for clinopyroxene. Similarly, only a few orthopyroxenehost-rock pairs satisfy the equilibrium criterion of Putirka (2008) ; not shown]. Thermobarometry results for the selected samples are summarized in Table 5 .
Some of the thermodynamic formulations of mineral-melt equilibria used for P-T estimation require input of melt H 2 O concentration. In these cases, we used a maximum value of 2 wt % based on whole-rock 
Cerro Bitiche
Bi10-01 0Á709101 6 7 0Á70903 0Á512279 6 2 -6Á9 Mina Pabelló n Bi10-34 0Á709420 6 4 0Á70937 0Á512325 6 3 -6 Cerro Morado CM04-33a 0Á706860 6 9 0Á70684 0Á512415 6 5 -4Á3 CM04-46a 0Á708864 6 8 0Á70882 0Á512355 6 2 -5Á4 CM04-52 0Á709347 6 7 0Á70930 0Á512316 6 2 -6Á2 Y72* 0Á70888 0Á70885 0Á51231 -6Á4 Campo Negro CN09-05 0Á708469 6 4 0Á70843 0Á512343 6 2 -5Á7 CN09-13 mi 0Á709613 6 7 0Á70955 0Á512287 6 2 -6Á8 Quebrada del río El Toro CN09-52 0Á708706 6 7 0Á70864 0Á512369 6 3 -6Á8 CN09-83 0Á706869 6 7 0Á70683 0Á512448 6 2 -3Á6 CN09-84 0Á707543 6 3 0Á70751 0Á512430 6 2 -4 Cerros Negros de Jama J10-15 0Á707669 6 7 0Á70763 0Á512325 6 3 -6 J10-23 0Á707626 6 7 0Á70759 0Á512348 6 4 -5Á6 J10-40 0Á705947 6 3 0Á70592 0Á512421 6 4 -4Á2 Nd are are given at 2r m level and refer to the last digit.
87 Sr/ 86 Sr (T) and eNd (T) were calculated for an age of 7 Ma, using concentration data given in Table 6 (see Methods section).
LOI values for samples with Mg# > 60 (average LOI ¼ 0Á7, n ¼ 57; Table 6 ). It is important to emphasize that the effect of 2 wt % water on the equilibrium temperature is a reduction by less than 50 C, which is close to the 630 C standard error of the olivine-melt calibrations (Putirka, 2008) . Temperatures calculated for olivine crystallization using the Herzberg & O'Hara (2002) calibration are 1238-1292 C, which is about 20-40 C higher than the calibration of Putirka et al. (2007) . Both calculations assumed a pressure of 1 GPa based on the results of clinopyroxene-melt equilibria. Clinopyroxene temperature estimates are lower than those of olivine, with a maximum of 1160 C, although there is no petrographic evidence for pyroxene having formed later. Simultaneous calculation of pressure and temperature for clinopyroxene-melt equilibrium yielded pressures between 0Á7 and 1 GPa. The absence of plagioclase as a phenocryst in these types of rocks is attributed to its suppression as a result of the elevated temperatures (>1000 C) of the magmas (e.g. Grove et al., 2003) , which are maintained by fast ascent rates.
The orthopyroxene-melt calculations for lavas containing plagioclase microphenocrysts (Cerro Morado and Campo Negro, Table 5 ) yielded maximum temperatures and pressures of 1221 C and 0Á7 GPa. Temperatures calculated from the associated plagioclase are significantly lower (1145 C), which is consistent with its late appearance in the sequence of crystallization. Plagioclase-liquid hygrometry calculated for these lavas suggests melt H 2 O contents less than 2 wt %. Samples with plagioclase and amphibole (micro)-phenocrysts yielded maximum temperatures for plagioclase-melt (Putirka, 2008) and amphibolemelt (Ridolfi et al., 2010) equilibria of 1150 C and C, respectively (Table 5 ). The latter also provided a pressure estimate of 0Á5 GPa. Finally, we used the methods of Maurel & Maurel (1982) and Kress & Carmichael (1991) to estimate the oxygen fugacity of the mafic lavas. These are based on olivine-spinel exchange equilibrium that we applied to olivine with spinel inclusions. The results yielded a range of log fO 2 values between -6Á2 and -8Á5, which represent conditions 0 to -1 log units below the quartz-fayalitemagnetite (QFM) buffer.
Whole-rock major and trace element variations
The northern Puna mafic rocks define regular variation trends on bivariate plots with MgO as a differentiation index (Fig. 6 ). There are negative correlations for SiO 2 (Fig. 6a) , Al 2 O 3 and K 2 O (not shown), and positive trends for CaO, FeO tot and for the CaO/Al 2 O 3 ratio (not shown). The Na 2 O and TiO 2 contents are largely independent of MgO in the sample suite. Among the trace elements, Cr (Fig. 6b) and Ni (not shown) correlate positively with MgO, whereas Rb is negatively correlated (not shown). Many of the other trace elements including Ba (Fig. 6c) but also Sr and the light rare earth elements (LREE) show significant variations independent of MgO.
The primitive mantle-normalized multi-element patterns for all samples are similar (Fig. 7a) , with enrichments relative to the mantle that are highest in the large ion lithophile elements (LILE; e.g. Rb). The shoshonite samples have higher overall trace element contents, especially for the most incompatible elements. All samples show strong negative anomalies at Nb and Ta, which are a typical feature of arc magmas worldwide. The REE patterns are also very similar for all samples, with a general enrichment with respect to chondrite composition (Sun & McDonough, 1989 ) and higher concentration of LREE with respect to heavy REE (HREE) (Fig. 7b) . A common feature of these rocks is the presence of a slight negative Eu anomaly (Eu/Eu* mostly between 0Á8 and 0Á9), despite the fact that plagioclase phenocrysts are generally absent (see also Risse et al., 2013) .
The most mafic rocks (MgO > 6 %) among the studied samples have Mg# (60-69), Ni (>100 ppm) and Cr (>400 ppm) contents that approach the values expected for primary magma compositions (Wallace & Carmichael, 1999; Kelemen et al., 2003) . However, their silica concentrations (SiO 2 > 53 %) are much higher those of than primary basalts, classifying them as highMg andesites (Wood & Turner, 2009 ). In terms of trace elements, there is an apparent discrepancy between the high contents of compatible elements indicating nearprimary magma compositions (e.g. Cr, Ni, Sc) and the variably high contents of incompatible trace elements such as Ba, Sr, Th and Zr.
Sr and Nd isotopes
The 87 Sr/ 86 Sr initial ratios of northern Puna mafic volcanic rocks (calculated at 7 Ma; see Methods section and Table 7 ) span a range of 0Á7059-0Á7096. The corresponding values of eNd (7Ma) range from -2Á8 to -6Á9. All samples plot in the enriched quadrant of the Sr-Nd isotope plot (Fig. 8) Nd overall, with some decoupling between the two isotope systems suggested by a range in Sr isotope values at constant 143 Nd/ 144 Nd. Among our samples, the geochemically least evolved in terms of major element composition (basalt enclaves in Cerro Negro lava: sample CN09-05) does not have the most radiogenic Sr and unradiogenic Nd isotope composition (0Á7084 and -5Á7, respectively). That distinction is held by a Cerro Barro Negro shoshonite (sample R11-08 with 0Á7063 and -3Á4), and a basaltic andesite from Cerros Negros de Jama (J10-40 with 0Á7059 and -4Á2). Slightly more primitive Sr-Nd isotopic compositions from Cerros Negros de Jama were reported by Krallman (1994) , of 0Á7058 and -2Á8, respectively (Table 7 ). 2013) and of silicic volcanic rocks from the APVC (Caffe et al., 2002; Kay et al., 2010) . There is a strong overlap of the northern and southern Puna mafic rocks but also a distinct grouping of the latter at the less-enriched end of the range. Silicic rocks from the APVC overlap almost completely with the range of mafic back-arc centres and extend from there to higher values of 87 Sr/ 86 Sr and lower 143 Nd/ 144 Nd. A key feature of the sample set is the correlation of Sr and Nd initial ratios with major element variations such as SiO 2 and MgO (Fig. 9a-d) . The Sr isotope ratios also correlate with K 2 O and 1/Sr (not shown), indicating that magma evolution was not a closed-system process (see below). Risse et al. (2013) also found a positive correlation of Nd and Sr initial isotope ratios and SiO 2 in the southern Puna mafic suite. Moreover, not all samples fall on the same trend in these plots. Instead, we distinguish two groups of samples by their Sr and Nd isotope variations versus the differentiation indices SiO 2 and MgO. The implications of these two trends in terms of magma sources and evolution are explored below.
DISCUSSION
Magma evolution
Some of the most primitive samples from this study approach the composition of primary magmas, but many do not, thus the effects of magma evolution in the crust must be taken into account. For the Altiplano-Puna Plateau in particular, the presence of a partially molten zone in the mid-to upper crust related to the Neogene ignimbrites (APMB; see Zandt et al., 2003; Schilling et al., 2006; Ward et al., 2014) can be expected to enhance crustal contamination and mixing of mafic and more felsic magmas. We emphasize that the variations observed reflect a superimposition of magma evolution onto the effects of source heterogeneity in the mantle wedge. In an attempt to distinguish the two, we assess the potential contribution of magma evolution processes to the mafic suite, from the simplest to the most complex. Discussions of mixing and assimilation scenarios are based on a starting composition of the most primitive sample yet described from the Puna back-arc: basalt sample P07-SUR101 from the southern Puna (Drew et al., 2009) . The crustal components are based on basement samples, xenoliths, and the compositions of felsic ignimbrites and lavas that are contemporaneous with the back-arc mafic suite and occur in the same area.
Magma mixing
Mixing of mafic magmas derived from the sub-arc mantle with hybrid silicic melts associated with regionally extensive ignimbrites in the central Andes has been considered by many researchers as a fundamental process (e.g. Kay et al., 1994; Guzmá n et al., 2006; Risse et al., 2013) . showed that the most Sr for the Neogene northern Puna samples (symbols as in Fig. 3 ). Southern Puna mafic rocks (Kay et al., 1994; Drew et al., 2009; Risse et al., 2013) , Diego de Almagro Andesites from the Eastern Cordillera (Mazzuoli et al., 2008) , and the isotopic compositions of APVC ignimbrites (Caffe et al., 2002; Kay et al., 2010) are plotted for comparison.
evolved andesites in the Cerro Bitiche volcanic field can be explained by mixing of high-Mg andesite with a rhyolitic melt similar to the Toconao ignimbrite in a proportion of around 50:50. However, Cerro Bitiche appears to be an exceptional case. More generally, simple mixing models of a mafic magma with silicic melts represented by contemporaneous ignimbrites in the region do not fit the variations in the northern Puna mafic suite for more than a few elements (see Supplementary Data Electronic Supplement 7), which is also evident in the absence of linear trends on variation diagrams.
Fractional crystallization (FC)
The northern Puna mafic suite shows regular trends of depletion in CaO, Fe 2 O 3(tot) , Cr and Ni with decreasing MgO content that are consistent with fractional crystallization of the observed phenocryst phases olivine, pyroxene and Cr-rich spinel. Fractional crystallization is likely to be one of the processes involved in magma evolution but it does not account for all of the variations observed given that (1) samples differ in their initial Sr isotope ratio and there are good correlations of Sr isotope ratios with differentiation indices such as MgO or SiO 2 , (2) there are strong variations in some trace element concentrations at a constant value of MgO, and (3) physical evidence for assimilation (xenoliths and xenocrysts) is ubiquitous in these rocks.
Assimilation and fractional crystallization (AFC)
The ability of coupled assimilation and fractional crystallization to explain the compositional range of the northern Puna mafic rocks was tested with the AFC3D program of Guzmá n et al. (2014) that builds on the method of Aitchenson & Forrest (1994) , searching solutions to the AFC equations for three parameters simultaneously. Our calculations used basalt P07-SUR101 from the southern Puna as the starting magma composition. The choice of crustal contaminants is less straightforward. Information about the composition of the crust between latitudes 21 and 24 is restricted to a single outcrop of Late Paleozoic granite in northern Chile (Becchio et al., 1999) and to crustal xenoliths [felsic granulites in Cretaceous basanites: Lucassen et al. (2005) ; metapelite xenoliths in Neogene dacites: Caffe et al. (2012b) ].
The AFC3D program yielded successful models for the granite and the metapelite xenoliths with simultaneous solution of 87 Sr/ 86 Sr and the LILE Rb and Ba (Electronic Supplement 6, Fig. 1a and b) , but failed to do so using the felsic granulite as contaminant. The successful AFC3D solutions predict high assimilation/crystallization rates (R ¼ 0Á7-0Á8) and 28-35 wt % assimilation, which are difficult to reconcile with the high compatible element contents in these samples (e.g. MgO, Cr, Ni). In fact, the 28-35% crustal assimilation predicted for the mafic suite is close to the values calculated for the much more evolved andesitic to dacitic magmas in the region (Caffe et al., 2002; Kay et al., 2010; Guzmá n et al., 2011) . Also, the same AFC model does not fit the high field strength elements (HFSE), whose concentrations require much lower amounts of assimilation (10-25 wt % for Zr, Y and La;see Electronic Supplement 6).
To conclude, models that assume crystallization and bulk assimilation do not explain the chemical and isotopic variations in this sample set because crystallization was minor (negligible loss of heat) and assimilation was selective, preserving certain parameters (e.g. mafic bulk composition) while strongly modifying others (LILE and Sr-isotope ratios).
Assimilation during turbulent ascent
The fine-grained texture and common skeletal morphologies of crystals in the mafic lavas of this study indicate rapid cooling and therefore swift transport from the mantle source. The common presence of quartz xenocrysts and fragments of country rocks in the mafic lavas is compatible with the idea of turbulent flow. Moreover, the fact that the northern Puna mafic magmas were able to pass through the low-density and low-viscosity zone in the upper crust imposed by the Altiplano-Puna magma body beneath this area, while maintaining relatively high MgO contents and high magma temperatures, and still carrying ultramafic xenoliths would seem to require rapid ascent. Mafic magmas ascending through the crust at high velocities can flow under turbulent conditions [described by a Reynold's number threshold that depends mainly on mass flow rate and conduit width (Wilson & Head, 1981) ]. The parameters needed to estimate Reynold's numbers for the Puna mafic suite are not at present available, but the conditions of assimilation during turbulent ascent (Moorbath & Thompson, 1980; Huppert et al., 1985; Kerr et al., 1995) would explain many geochemical features of the northern Puna mafic suite.
The relatively short contact time of magma and country-rock in the assimilation during turbulent ascent process produces a high assimilation/crystallization ratio. In conventional AFC scenarios, high assimilation to fractional crystallization ratios (R ¼ 0Á8) may characterize an initial phase of magma emplacement, but are not sustained because crystallization catches up (Reiners et al., 1995; Edwards & Russell, 1996) . Short contact times also favour incorporation of elements hosted in early melting phases, which would explain the greater enrichments of LILE compared with HFSE, and of radiogenic Sr, as shown by our AFC model results. Assimilation with only minor crystallization is consistent with the relatively high silica contents and enriched Sr-Nd isotope ratios without much change in magma Mg#. Therefore, selective assimilation during turbulent ascent provides an explanation as to why the mafic suite can show the same level of incompatible trace element and radiogenic Sr enrichment as the much more evolved silicic ignimbrites [Fig. 10a, and Petrinovic et al. (2005) ].
The turbulent ascent model is more likely than conventional AFC to produce contamination at several depths and with more than one crustal component, which has also been suggested by several studies in the Puna region (Davidson & de Silva, 1995; Maro & Caffe, 2012 Risse et al., 2013) . The irregular and almost unpredictable chemical evolution of magmas in the scenario of turbulent ascent and selective assimilation prevents the development of a simple mathematical model, thus its role as a differentiation process remains untested.
Comparison of the southern and northern Puna mafic suites
Many features of the Neogene back-arc mafic suite in the two regions are similar, starting with the physical expression of volcanism as small-volume, fissure-fed lava flows and monogenetic centers. The rock textures and phenocryst assemblages are similar, and the compositional ranges of mafic lavas from both regions overlap (Fig. 3) , although the southern Puna mafic rocks include more primitive compositions than those in the north. Olivine-melt thermobarometry from this study and from Risse et al. (2013) and Ducea et al. (2013) documents high magmatic temperatures in both regions, with possibly hotter conditions in the south in keeping with the more primitive magma compositions (maximum of 1320 C in the southern Puna versus 1292 C for the northern Puna). Typical fine-grained textures with skeletal crystals argue for rapid magma ascent in both regions. Mafic lavas in both regions also show evidence for significant assimilation of crustal material, at different depths in the crust (Risse et al., 2013; . However, there are also significant differences between the northern and southern Puna mafic suites in terms of the total volume of (Kay et al., 2010) normalized to the composition of the Primitive Mantle of Sun & McDonough (1989 Lucassen et al. (2001 Lucassen et al. ( , 2005 and Caffe et al. (2012b). erupted magma, their geochemical characteristics and in the timing of volcanic activity.
The mafic volcanism in the southern Puna has been divided into three compositional groups based on LILE/ HFSE ratios (e.g. La/Ta, Ba/Ta), which have been shown to have a distinct geographical distribution (Knox et al., 1989; Kay et al., 1994) . The most common and widespread of the three groups (high-K calc-alkaline) is distinguished by La/Ta > 25 and Ba/Ta > 300. This is followed in abundance by a group with intraplate-like characteristics (La/Ta < 25 and Ba/Ta < 300) that is restricted to a narrow region west of Cerro Galá n (Fig. 1) . The third and smallest group in terms of volume comprises shoshonitic lavas with very high K contents that are geographically scattered. Our data from the northern Puna mafic centres show no compositional or geographical patterns. The great majority of samples from the northern Puna belong to the 'high-K calc-alkaline group' of Kay et al. (1994) . Values of La/Ta (22-65) and Ba/Ta (238-916) are mostly high but fairly variable, even in single volcanic centers. The intraplate group seems to be lacking in the northern Puna mafic suite, but this might reflect magma evolution as much as source because the Ta and Nb concentrations in both regions are the same, but the northern Puna samples have higher La and Ba concentrations, raising their La/Ta and Ba/Ta ratios above the threshold for the intraplate group (Kay et al., 1994) . We cannot dismiss an intraplate affinity for the northern Puna suite entirely, but in any case the high-K calc-alkaline group dominates in the north as in the south, and shoshonites are very minor components in both areas.
At the same MgO content, the northern Puna mafic lavas have higher values of Ba, Rb, Th, Rb/Sr and Ba/Nb compared with the southern Puna calc-alkaline rocks, with higher 87 Sr/ 86 Sr ratios. These geochemical differences can in principle be explained in two ways: (1) differences exist in the mantle source or (2) there are differences in the amount and/or the composition of crustal contamination in the two regions. We favor the second explanation because the contrasts are greater in the more evolved, contaminated samples (Fig. 9) and because similar discrepancies have been noted in the ignimbrites erupted in the northern and southern Puna regions (Caffe et al., 2002 (Caffe et al., , 2012b Kay et al., 2010) , which were attributed to a difference in the basement: Ordovician metasediments in the north and metaigneous rocks (biotite gneiss, felsic granulite) in the south (Fig. 10b) . In addition to the contrast in crustal composition it is also likely that the degree of contamination of the mafic magmas in the northern Puna is greater than in the south because the mid-crustal partial melting zone is larger. This may also explain the lower erupted volume of mafic volcanic rocks in the northern Puna compared with the south, because the APMB acted as a more effective trap for magma ascent (Maro & Caffe, 2017) . The final point of comparison is a slight difference in the peak age of mafic volcanism, which is younger in the south (Early Pliocene; Risse et al., 2008) .
This may be linked to regional geodynamic development in the Central Andes during the Neogene, where processes of slab steepening after aseismic ridge subduction, and delamination of lower crust and mantle lithosphere after the main phase of shortening and crustal thickening progressed from north to south (e.g. Kay & Coira, 2009; Beck et al., 2015; Maro & Caffe, 2017) . Both processes would enhance asthenospheric upwelling and cause melting and they may have acted together.
The nature of the mantle source Studies of the back-arc mafic volcanism in the southern Puna plateau (e.g. Kay et al., 1994; Risse et al., 2008 Risse et al., , 2013 Drew et al., 2009; Ducea et al., 2013) have provided geochemical and petrological evidence that supports the geodynamic model of mantle melting enhanced by lithospheric delamination (high magmatic temperatures, low fO 2 , low water contents). Geophysical evidence for this comes from complex seismic velocity variations in the mantle wedge, whereby high-velocity domains (interpreted as denser, cooler lithosphere) are overlain by domains with lower S-wave velocity interpreted as asthenosphere (e.g. Schurr et al., 2006; Bianchi et al., 2013; Calixto et al., 2013; Liang et al., 2013) . The concept of lithospheric delamination in the central Andes is widely accepted, but there is disagreement about its role in magma genesis. In the original scenario of , delamination and sinking of dense lithosphere causes upwelling of asthenosphere, which undergoes decompression melting. This is the model favored for the southern Puna by Kay et al. (1994) and Risse et al. (2013) , based on the intraplate-like trace element signatures of the mafic suite and high mantle potential temperature (1470 C). Those researchers argued that the enriched Sr and Nd isotope ratios are due to source contamination in the mantle wedge. The model by Drew et al. (2009) concurs with a large asthenospheric component in the southern Puna mafic suite, but suggests that the enriched signature comes from partial melting of subcontinental lithosphere that escaped delamination. Finally, Ducea et al. (2013) and Murray et al. (2015) proposed that the delaminating blocks themselves are partially melted as they pass through the hotter asthenosphere. All three models agree on the evidence for high magma temperatures and for a geochemical signature that is incompatible with a depleted mantle source. They differ mainly in the explanation for the mantle enrichment. Ducea et al. (2013) and Murray et al. (2015) suggested that melting of dense lithospheric blocks containing eclogite and/or pyroxenite could be deduced from ratios of transition elements such as Zn/Fe in the magmas that are distinctive of the residual minerals garnet and pyroxene. Studies by Le Roux et al. (2010 Roux et al. ( , 2011 and Davis et al. (2013) showed that values of K D Zn/Fe cpx/liq and K D Zn/Fe gnt/liq are less than unity, so partial melting of a garnet-and/or clinopyroxene-rich source results in distinctly high Zn/Fe ratios in the magma (Zn/Fe Â 10 4 of around 13), in contrast to peridotite-source melts such as MORB with ratios of 8-10. Similar arguments apply for other transition element ratios, such as Fe/Mn and Ga/Sc (Davis et al., 2013) . Ducea et al. (2013) reported Zn/ Fe Â 10 4 values higher than 13 in the southern Puna mafic suite and suggested involvement of delaminated pyroxenite blocks. Our results from the northern Puna mafic rocks are plotted together with southern Puna data in Fig. 11 . Mafic lavas with >6% MgO have Zn/Fe Â 10 4 values higher than 13 in both regions, in agreement with Ducea et al. (2013) and Murray et al. (2015) . However, the distinction of a pyroxenite versus peridotite source from these plots is problematic for two reasons. One is that the ratios Zn/Fe, Fe/Mn and Ga/Sc give conflicting predictions: pyroxenite for Zn/Fe (Fig. 11a) or peridotite for Fe/ Mn (Fig. 11b) and for Ga/Sc (not shown). The other problem is that the combined data from the northern and southern Puna suites show a correlation of Zn/Fe ratios with MgO, which is an index of differentiation (Fig. 11a) and with Ba/Nb (Fig. 11c) which is an index of slabderived fluid input and/or crustal contamination (e.g. Davidson & de Silva, 1995) . Another proposed index of pyroxenite in a basalt source is high Ni contents (>2500 ppm) in olivine Straub et al., 2008) . The northern Puna mafic suite contains olivines (with Fo contents >80 mol %) with average Ni contents below 1500 ppm, suggesting a peridotite source at face value and thus inconsistent with the high Zn/Fe 'pyroxenite signature' in these samples. Risse et al. (2013) discussed the ambiguity of olivine Ni contents in terms of source mineralogy for the southern Puna mafic suite. Therefore, the geochemical distinction of a pyroxenite versus peridotite mineralogy in the mantle source of the back-arc Puna suite is inconclusive. The mantle wedge may contain pyroxenite, but if so it is unevenly distributed and gives the magmas a mixed and inconsistent signature. Straub et al. (2008) reported a mixed signal of peridotite-pyroxenite sources (based on Ni in olivine) from arc magmas in Mexico and suggested that the pyroxenite formed from reaction of slab-derived fluids and melts with mantle peridotite. This scenario could also apply to the central Andes, which makes the point that pyroxenite in the mantle can be caused by processes other than delamination.
A sign of heterogeneity in the mantle source(s) for the Puna back-arc mafic suite is their variable initial Sr and Nd isotope ratios. Both ratios are affected by magma evolution in the crust as shown by correlations with SiO 2 and MgO (Fig. 9) . The data define two trends that extrapolate towards two different isotope compositons at a value of 10 wt % MgO appropriate for a primary magma. Trend 1 suggests an initial 87 Sr/ 86 Sr ratio of about 0Á705, and 143 Nd/ 144 Nd near 0Á5126, similar to the composition of the southern Puna basalt P07-SUR101 described by Drew et al. (2009) . Trend 1 includes most of our samples from the northern Puna and all data from the southern Puna mafic suite as well. Trend II appears to be present only in the northern Puna samples, and its extrapolation to 10 wt % MgO suggests 87 Sr/ 86 Sr initial ratios and 143 Nd/ 144 Nd values for a primary magma of $0Á708 and 0Á51235, respectively. It is noteworthy that samples corresponding to both trends can occur in the same mafic center (e.g. Cerro Morado), which shows that the term 'monogenetic' can be misleading. Unfortunately, the current lack of age constraints at Cerro Morado makes it impossible to determine a sequence in the order of magma source types. The two mantle components identified by the diverging trends in Fig. 9 are most easily explained by variable asthenosphere-lithosphere contributions to the mantle source (Fig. 12) . In this context, we would equate trend I ( 87 Sr/ 86 Sr initial ratio $0Á705) to the regionally prevalent, slightly enriched mantle component that has been identified throughout the Central Volcanic Zone and was termed by Davidson et al. (1991) the 'Andean Baseline' composition. Because of the regional extent of the 'Baseline' composition and its occurrence in magmas with a range of ages from Miocene to Recent, we suggest that this type of mantle enrichment was not caused by addition of lithospheric blocks to the asthenosphere by delamination. An excellent candidate for regional-scale enrichment of the asthenosphere is incorporation of lower crust via subduction erosion, which is a first-order feature of the Central Andes subduction system (Stern, 1991; Kukowski & Onken, 2006) and has been invoked for 'source contamination' of arc magmas before (e.g. Kay et al., 1996; Goss et al., 2013; Risse et al., 2013) . In contrast, the more enriched mantle component associated with trend II ( 87 Sr/ 86 Sr initial ratio $0Á708) is attributed to partial melting and assimilation of lithospheric mantle with relatively high time-integrated Rb/Sr and Sm/Nd isotopic ratios. A lithospheric component is consistent with the model of Rogers & Hawkesworth (1989) , who were among the first to invoke an old lithospheric source to explain elevated 87 Sr/ 86 Sr initial ratios in back-arc lavas from the central Andes. If it is true that the trend II mafic magmas have a lithospheric source, it can be speculated that their limited distribution in the northern Puna Plateau means that the process causing lithospheric melting was also limited in extent. This would be consistent with the 'piecemeal' delamination concept of Ducea et al. (2013) , and it may be significant that trend II lavas appear only in the northern Puna, where the delamination process operated for a longer time. From present information we cannot distinguish whether the lithospheric component was derived from partial melting of delaminated material or from melting of the base of the lithosphere by upwelling asthenosphere. Both processes can be associated with delamination and would have the same time-space distribution.
The diverging trends defined in Fig. 9 imply a heterogeneous mantle source as described above, but another point worth discussing is the significance of where the two trends converge. The Sr and Nd isotopic composition at the most evolved end of both trends is about 0Á711 and 0Á5122, respectively. These are typical values for the large-volume silicic ignimbrites of the APVC (Fig.  8) , which are contemporary with the mafic suite and are sourced from an upper crustal partial melting zone through which the mafic magmas must have passed .
CONCLUSIONS
The least evolved Neogene back-arc volcanic rocks in the northern Puna are olivine-and pyroxene-phyric, K-rich calc-alkaline basaltic andesites and andesites with high whole-rock Cr and Ni contents, but also relatively high concentrations of incompatible trace elements such as Sr, Ba, Zr and LREE that defy explanation by simple models of mixing and assimilation. A model of assimilation by turbulent ascent may explain the selective enrichment implied by the data and is consistent Fig. 12 . Interpretative cross-section of the mantle and crust beneath the northern Puna, showing the proposed scenario for the genesis of the Neogene mafic magmas of groups I and II (distinguished by diverging Sr isotope-MgO trends in Fig. 9 ). Trend I magmas are derived from a slightly enriched asthenospheric source with an 87 Sr/ 86 Sr initial ratio $0Á705. The enrichment is of regional scale and results from incorporation of lower crust into the mantle wedge via subduction erosion. Magmas of trend II have a more enriched mantle source with 87 Sr/ 86 Sr initial ratio $0Á708, which is attributed to partial melting and assimilation of lithospheric mantle, which could be delaminated material or the base of the lithosphere.
with the fine-grained, locally skeletal textures of the lavas, which indicate rapid ascent and cooling.
The high Mg content (Fo 80-88 in olivine; Mg# > 80 in pyroxene) of phenocryst phases in these rocks, in addition to the high Cr# (up to 86) in spinel inclusions, confirms their near primitive composition. Olivine-melt geothermometry for these samples yielded equilibrium temperatures from about 1250 to 1290 C; olivine-spinel exchange equilibria suggest oxygen fugacity near the quartz-fayalite-magnetite buffer (QFM -1 log unit). The maximum estimated water contents, based on wholerock chemical analyses and on plagioclase-melt hygrometry for the more evolved rocks, are less than 2 wt %. The textures, mineral compositions and estimated crystallization temperatures of the northern Puna mafic suite are similar to those in the southern Puna. We find no indication of a pyroxenitic or eclogitic mantle source in terms of concurrent high ratios of the transition elements (Zn/Fe, Mn/Fe, etc.) or high Ni contents in olivine. We take the geochemical compositions, high magma temperatures, low oxygen fugacity and low water contents of the most primitive lavas as evidence for melting of a peridotitic source located in the asthenosphere, possibly owing to upwelling triggered by lithospheric delamination.
The data define two trends of Sr and Nd isotope ratios with MgO that require at least three components involved in magma genesis. The trends converge at the evolved, felsic end of the spectrum to a common end-point that is similar to the composition of the Altiplano-Puna silicic ignimbrite magmas and is therefore interpreted as the crustal contaminant. The trends diverge at higher MgO contents. When extrapolated to a reasonable MgO content for primary melts (10 wt %), trend I indicates a moderately enriched Nd ratio of about 0Á5126. This is the common 'Andean baseline' composition. Following previous researchers, we attribute this to asthenospheric mantle that has been homogeneously enriched on a regional scale by subduction erosion. The mantle component indicated by trend II has Sr and Nd isotope ratios (0Á708 and 0Á51235, respectively) consistent with melting of enriched mantle lithosphere. There is no evidence in this study to distinguish melting of delaminated blocks or melting of the base of the lithosphere. However, there is a difference in the spatial distribution of samples defining trends I and II. The southern Puna mafic suite shows only trend I, whereas both trends are present in the northern Puna suite. We can speculate that the mixed asthenospherelithosphere isotopic signal in the north reflects the delamination process, which began earlier in that region along with tectonic thickening and plateau formation. The southern Puna back-arc magmas are still dominated by asthenospheric sources.
